We report a method using in situ etching to decouple the axial from the radial nanowire growth pathway, independent of other growth parameters. Thereby a wide range of growth parameters can be explored to improve the nanowire properties without concern of tapering or excess structural defects formed during radial growth. We demonstrate the method using etching by HCl during InP nanowire growth. The improved crystal quality of etched nanowires is indicated by strongly enhanced photoluminescence as compared to reference nanowires obtained without etching.
Introduction
Recently nanowires (NWs) have attracted attention as one of the most promising ways to combine highperformance Ⅲ-Ⅴ materials with new functionality [1] [2] [3] [4] and existing Si technology [5, 6] . An unintentional NW shell can harm device functionality by short circuiting axially designed components and by becoming a surrounding and competing recombination center [7] for charge carriers. Only by taking full control over radial growth can NWs be part of the future architecture for electronic devices. In order to promote axial in favor of radial NW growth, low growth temperature [8] [9] [10] and high supersaturation [11, 12] are typically used. The general trend in crystal growth however, is that such parameter settings lead to poor quality materials [13, 14] . Especially in metalorganic vapor phase epitaxy (MOVPE), a low growth temperature may lead to excess amphoteric carbon incorporation due to incomplete pyrolysis of the metalorganic precursors [14, 15] . The use of a high Ⅴ/Ⅲ ratio can lead to improved crystal layer quality and reduced carbon incorporation [16] as hydrogen radicals from decomposing group Ⅴ species eliminate group Ⅲ methyl groups by methane formation. For Ⅲ-Ⅴ semiconductor NWs however, there is only a narrow Ⅴ/Ⅲ parameter space resulting in growth of morphologically non-tapered NWs [17, 18] .
We show here that in situ etching by use of HCl [19, 20] can prevent radial growth, despite growth conditions which would otherwise lead to strong tapering. This allows total control over the design and growth of axially defined NW materials. Growth parameters can be fully optimized with respect to materials and device quality without concern of tapering issues. We find that crystal defects which are incorporated during uncontrolled radial growth can be completely removed by using HCl, and photoluminescence (PL) characterisation indicates that HCl diminishes carbon incorporation.
Experimental
Samples were prepared by depositing 80 nm diameter Au particles on a (111)B InP substrate via an aerosol technique [21] resulting in randomly distributed monodisperse particles with a homogeneous density of 5 × 10 7 cm -2 . The particle assisted NW growth was performed by use of a low-pressure (100 mbar) MOVPE system. Trimethylindium (TMI), and phosphine (PH 3 ) were used as precursors, and hydrogen chloride (HCl) as an etching agent in a total flow of 6.0 L/min using hydrogen (H 2 ) as carrier gas. The PH 3 and TMI molar fractions ( χ PH 3 , χ TMI ) were set to χ PH 3 = 6.25 × 10 . Prior to growth, the samples were heated to 550 °C under a PH 3 /H 2 gas mixture for 10 min in order to desorb any surface oxides. The reactor temperature was then reduced to a growth temperature of 450 °C , a regime where strong temperature-activated growth leading to tapering is expected. NW growth was initiated by adding TMI to the flow. HCl was added to the flow after a 15 s nucleation step, since the Au particles otherwise broke up into smaller particles. The HCl molar fraction was varied between 0 and 6.0 × 10 -5 for growth of the NWs. Growth was terminated by switching off TMI and HCl simultaneously, and the samples were cooled down to room temperature under a mixture of PH 3 and H 2 . Scanning electron microscopy (SEM) was used to characterize the NW morphology. Ten NWs from three different locations on each sample were evaluated for each data point. Samples were prepared for high-resolution transmission electron microscopy (HRTEM) by direct transfer of the NWs to a Cu grid with a lacey carbon film by gently pressing the grid onto the substrate. (002) and (111) reflections from each twin were used for ZB. PL measurements were performed at a temperature of about 5 K. The NWs were broken off from the InP substrate and spread out on a metal covered surface. The NW under study was evenly illuminated throughout its length using a continuous wave (CW) laser emitting at 532 nm. The PL was collected by an optical microscope, dispersed through a spectrometer and detected by a thermoelectrically cooled charge coupled device (CCD) camera. At least five NWs per sample were studied. shows a reference NW grown intentionally with parameters which give strong tapering when HCl is not present. The rough InP(111)B substrate surface indicates competing InP surface growth, which at these temperatures occurs below the temperature necessary for two-dimensional layer-by-layer growth [13] . By increasing χ HCl in the flow, the NW tapering gradually decreases and the InP substrate roughness diminishes Figs. 1(b) and 1(c). The insets in Fig. 1 illustrate schematically the detrimental effect of a nonintentionally grown shell on a hypothetical axially defined NW structure based on heterostructures or doping. Note that in this paper we present data from in situ etching of a single undoped NW material only.
Results and discussion
To assess the effect of in situ use of χ HCl during NW growth we evaluated the NW length, NW volume, and the ratio between the bottom and top NW diameter no NWs could be observed. Interestingly, even though the NW length decreases for χ HCl > 2.5 × 10 -5 , the NW diameter does not decrease further. This is a technically important regime, necessary for practical use of the method, which allows perfectly anisotropic NW growth over a finite χ HCl parameter space and with tolerance to small variations in χ HCl .
The total NW volume decreases continuously with χ HCl (Fig. 2(b) ). This indicates that HCl reacts even at these low temperatures with one or several In-based species (TMI, dimethylindium, monomethylindium, and In) and InP, to form InCl, as reported for in situ selective area etching [19, 20] . The use of HCl during NW growth makes the process both more complexpossibly involving pre-reactions and depletion of In species -and dynamic, with competing adsorption (growth) and desorption (etching) of growth species.
The increasing length for low χ HCl indicates that some of the reaction material contributes to axial growth of the NW, most likely due to diffusion of adsorbed InCl towards the metal particle/NW growth interface where it contributes to the In supply. The decreasing length for χ HCl > 1.5 × 10 -5 can be interpreted as a depletion of In species, but also as the Au alloy particle being a catalyst for etching of the particle/NW interface, similar to silver particles in HF etching of Si [22] . The two effects may be simultaneously active.
We identify three mechanisms by which the fundamentally interesting and technologically important parameter space giving constant NW diameter and only a change in NW length by increasing χ HCl occur:
(1) physisorbed In species are more vulnerable to Cl attack, compared to chemisorbed In situated within the core of the NW formed during axial growth; (2) selectivity of the process due to the original NW side facets having a lower surface free energy than those formed during sidewall growth; (3) desorption of InCl from the NW side facets might be rate limiting, hindering further Cl attack on In species [19] . In order to understand the dynamics of in situ NW etching in more detail, additional experiments using in situ HCl during and after NW growth are necessary but beyond the scope of this paper.
TEM micrographs displayed in Fig. 3 confirm that the sample grown with χ HCl = 3.3 × 10 -5 has no measurable tapering. Crystal defects arising from twinning on a (111) NW side facet during unintentional radial growth, as pointed out by arrows in Fig. 3(a) , were frequently observed during TEM inspection of reference wires. In stark contrast, no such defects were observed during inspection of the non tapered wires.
No effect of χ HCl on the Au alloy particles was observed at these temperatures.
Reference NWs ( χ HCl = 0, Fig. 3 The reason for the change in crystal structure is not clear. Tentatively, we propose that the surface tension between the metal particle and the NW interface is affected by the introduction of HCl, similar to the effect of using diethylzinc during InP NW growth [23] . At this point we cannot quantify to which extent the change in crystal structure with χ HCl affects the dynamic etching/growth behavior.
The low temperature PL spectra of the NWs are shown in Fig. 4 . The PL spectra for the reference NWs were registered at 10× the excitation power, necessary for detecting any luminescence. The weak and broad luminescence, below the InP band gap energy (1.42 eV), for the reference NWs is attributed to carbon-related transitions (e.g., via carbon impurities which have a binding energy of about 40 meV [24, 25] ), and possibly other defects and impurities.
In contrast, in situ etched NWs display a more intense and narrow PL signal, with transitions from 1.38 eV, extruding towards 1.45 eV. Notably, the PL is 20-200 times more intense for etched NWs, even for NWs with an absorption/emission volume of only 19% of the tapered reference NW. The tendency towards WZ formation when using HCl during growth may result in optical transitions in the energy range 1.38 eV (recombination between WZ and ZB segments [26, 27] ), to 1.49 eV (the band gap of WZ InP) [26, 27] . Thus, the transition at 1.38 eV in the optical spectra from in situ etched NWs is not necessarily related to carbon impurities. As expected from NWs containing alternating WZ and ZB segments [27] , we observed a blue shift of the luminescence in power-dependent measurements (not shown).
We can identify three mechanisms by which in situ etching leads to improved optical performance: (1) prevention of shell growth with its structural defects; (2) preferential carbon incorporation via radial (thin film) growth on the NW sidewalls, as recently suggested for GaAs NWs [12] (The Au particle, in which carbon has a low solubility [28] filters out carbon contamination from incorporation into the core of the NW. This effect may be enhanced by the catalytic decomposition of group Ⅲ [29] and group Ⅴ [9] precursors on the Au alloy particle.); (3) Efficient elimination of methyl groups by hydrogen radicals originating from decomposing HCl. This would explain why NWs that still have a shell and are grown with low χ HCl display negligible carbon-related PL signals.
Conclusions
We have shown that competitive radial growth in MOVPE of InP NWs can be fully impeded by in situ etching. Crystal defects arise during unintentional radial growth occurring at low temperature, and can be removed by use of HCl. A trend towards WZ formation in the NWs is observed with increasing χ HCl . PL spectra demonstrate strongly enhanced optical properties as compared to reference NWs. Our results will allow functionality and performance of NW-based devices to be substantially improved as growth parameters can be chosen for optimal crystal quality rather than optimal morphologic design. The concept of simultaneous etching and growth to induce perfect growth anisotropy may lead to new opportunities for perfection and applications of nanosized materials.
